Fully grown broth cultures of various fast-and slow-growing rhizobia were deliberately diluted with various diluents before their aseptic incorporation into autoclaved peat in polypropylene bags (aseptic method) or mixed with the peat autoclaved in trays (tray method). In a factorial experiment with the aseptic method, autoclaved and irradiated peat samples from five countries were used to prepare inoculants with water-diluted cultures of three Rhizobium spp. When distilled water was used as the diluent, the multiplication and survival of rhizobia in the peat was similar to that with diluents having a high nutrient status when the aseptic method was used. In the factorial experiment, the mean viable counts per gram of inoculant were log 9.23 (strain TAL 102) > log 8.92 (strain TAL 82) > log 7.89 (strain TAL 182) after 24 weeks of storage at 28°C. The peat from Argentina was the most superior for the three Rhizobium spp., with a mean viable count of log 9.0 per g at the end of the storage period. The quality of inoculants produced with diluted cultures was significantly (P = 0.05) better with irradiated than with autoclaved peat, as shown from the factorial experiment. With the tray method, rhizobia in cultures diluted 1,000-fold or less multiplied and stored satisfactorily in the presence of postinoculation contaminants, as determined by plate counts, membrane filter immunofluorescence, and plant infection procedures. All strains of rhizobia used in both the methods showed various degrees of population decline in the inoculants when stored at 28°C. Fast-and slow-growing rhizobia in matured inoculants produced by the two methods showed significant (P < 0.01) decline in viability when stored at 4°C, whereas the viability of some strains increased significantly (P < 0.01) at the same temperature. The plant effectiveness of inoculants produced with diluted cultures and autoclaved peat did not differ significantly from that of inoculants produced with undiluted cultures and gamma-irradiated peat.
In the usual method of peat-based inoculant production, rhizobia are multiplied in fermenters to reach maximal populations before being added to the peat. In the pureculture or aseptic technique, a definite volume (30 to 50% of the total final weight) of a fully grown culture (109 cells per ml) is added aseptically to a relatively dry peat sample (8 to 10% moisture) which has been presterilized in polyethylene bags by gamma irradiation. The added rhizobia multiply further to reach maximal populations since the peat was presterilized, but minimal to no multiplication may take place if the peat was not sterilized. General experience has shown that, with the exception of a few strains that can reach a population of 1010 cells per g of peat inoculant, most strains rarely exceed 5 x 109 cells per g in irradiated peat (12) . In heat-treated sedge peat used in the United States, the number of added rhizobia reaches 2.5 x 109 to 3.0 x 109 cells per g of inoculant (4) . The choice of technique used depends very much on the scale of production, with the nonsterile peat method being the choice of most commerical producers. However, in Australia, all peat used in commerical production is gamma irradiated in polyethylene packages (13, 20) . The production capacity of both techniques is directly proportional to the volume of liquid cultures that can be produced, and this in turn is limited by the size of the fermenter. The problem is further magnified when liquid cultures for several species of legumes are needed.
In developing countries, where there is a great need for legume inoculants, numerous problems are associated with inoculant production, e.g., in Guyana a frequent problem is the availability of a suitably sized and low-cost fermenter (11) .
The high costs and operational problems associated with large-scale fermenters led to an investigation of the potential of using diluted liquid cultures of Rhizobium spp. for inoculant production with irradiated peat (16) . In developing countries, costly gamma-irradiation facilities are not always feasible for peat sterilization, but steam sterilization is a realistic alternative. Steam sterilization has been used in the sterilization of peat for inoculant production with undiluted cultures (9, 19, 22) . The use of autoclaved peat and diluted liquid cultures of Rhizobium spp. has not been investigated as a new and potential method for inoculant production. This report characterizes inoculants produced by the dilution method.
MATERIALS AND METHODS
Rhizobia. The various Rhizobium spp. (Table 1 ) used in this investigation were obtained from the NifIAL Rhizobium germ plasm resource. Cultures were maintained on yeast mannitol agar (YMA) as described by Vincent (23) and checked for purity by the fluorescent-antibody technique (15) .
Diluents. Various formulations of diluents were used to dilute late-log-phase liquid cultures to investigate the influence of the nutrient status of the diluent on the multiplication and survival of the rhizobia in the peat. The preparation of these diluents was described previously (16) , and they are listed in Table 2 . Only R. phaseoli TAL 182 and R. japonicum TAL 102 were used to evaluate the influence of diluents.
In subsequent experiments with other strains of rhizobia, only sterile, deionized water was used to dilute the cultures. (7), since the inoculants prepared by the tray method would contain contaminants. A 5-ml sample from the i0-' dilution was filtered, and the filter was treated with gelatin-rhodamine isothiocyanate conjugate (2) . The direct Low-temperature (4°C), long-term (22 weeks) storage qualities were also evaluated with these different species ( Table 3 ). The survival data for each strain at 4 and 28°C were analyzed for differences by a one-way analysis of variance. The differences were highly significant (P < 0.01) for each strain, indicating that storage at 4°C affected growth and survival in the peat. Increases in populations at 4°C were obvious with the cowpea Rhizobium sp. strain TAL 169 (+1.25 logs) and the chickpea Rhizobium sp. strain TAL 620 (+0.5 log). However, storage at 4°C affected the viability of cowpea Rhizobium sp. strain TAL 651 (-1.50 logs), and R. was significantly higher than in the autoclaved peat for all the storage periods (Table 6 ).
In the combined analysis of the raw data from the factorial experiment (Table 4) , the order of strain performance was R. japonicum TAL 102 > Rhizobium sp. strain TAL 82 > R. phaseoli TAL 182, regardless of peat source or method of peat sterilization. The mean viable counts per gram of inoculant, in order of strain performance, were log 9.23, log 8.92, and log 7.89 after 24 weeks of storage at 28°C.
The same analysis revealed that the peat from Argentina was the most superior for the three Rhizobium spp., with a mean viable count of log 9.0 per g of inoculant at the end of the storage period. The mean counts in the other peat samples were log 8.63 (United States), log 8.56 (Mexico), and log 8.54 (Spain).
Inoculant preparation by the tray method. The quality and shelf life of the inoculants produced by the tray method with six Rhizobium spp. are summarized in Table 7 . Enumeration of the rhizobia in these inoculants was done by the spread plate, MPN, and MFIF (done only on the 2-week-old inoculants) methods. The counts at 2 weeks indicated that the diluted cultures multiplied in the autoclaved peat in the presence of contaminants which were introduced during the septic mixing operation. The inoculants were still of acceptable quality at 12 and 24 weeks, although higher counts were observed at 12 weeks.
Even though the inoculants prepared by the tray method were packaged immediately after mixing, the contaminant increase was considerable, averaging from 35% (at 2 and 12 weeks) to 49% (at 24 weeks) of the CFU. The CFU clearly distinguishable as those of the Rhizobium inoculant strain on the basis of colony appearance on the plating medium were further examined by immunofluorescence. Results of the immunofluorescence examination were generally positive with few negative reactions, but the number of examinations (total of 15 CFU) for each replicated treatment was insufficient for quantitative analysis. An earlier experiment with the tray method was abandoned because of very serious contamination which resulted from not wearing sanitized polyethylene disposable gloves during mixing. Scrupulous cleaning of the hands before mixing in of the inocula was inferior to sanitization provided by the polyethylene gloves.
Since plate and MPN counting techniques were routinely used for the tray method to evaluate multiplication of the rhizobia from diluted cultures, the reliability of these techniques was examined. The data in Table 7 (MPN) technique before storage at 4°C. c Initial counts were taken after 3 weeks of storage at 28°C after which inoculants were immediately transferred to storage at 4°C for 23 weeks. Liquid cultures were diluted for the tray method but not for the aseptic method with the irradiated peat.
d Plate counts after 23 weeks of storage at 4°C. ' Plate counts on CRYMA and BGYMA, respectively. significant (P < 0.001) overall decrease in the viability of the rhizobia in the inoculants prepared by both the methods. The data were also analyzed for correlation between plate counts used in both methods. The results for the tray method were as follows: initial counts, CRYMA versus BGYMA, r = 0.84 (P < 0.05); final counts, CRYMA versus BGYMA, r = 0.89 (P < 0.05). With the aseptic method the results were as follows: initial counts, CRYMA versus BGYMA, r = 0.94 (P < 0.05); final counts, CRYMA versus BGYMA, r = 0.99 (P < 0.01).
Inoculant effectiveness. Inoculants of R. japonicum TAL 102, R. phaseoli TAL 182, and Rhizobium sp. strain TAL 82 prepared with diluted cultures incorporated in autoclaved and irradiated peat from the various countries were plant tested. The results (Table 9) showed that the effectiveness of the inoculants prepared with diluted cultures were not significantly different from those of the multistrain inoculants from NifTAL as measured by plant shoot dry weight. Examination of nodule sections showed pink to red pigmentation, indicative of effective symbiosis.
DISCUSSION
The potential for using diluted cultures of Rhizobium spp. with autoclaved peat for inoculant production is demonstrated in this investigation. The significance of using diluted cultures lies in the fact that the Rhizobium spp. must multiply and survive in high numbers in the presterilized peat on introduction. On reaching maximum numbers, the rhizobia should reflect characteristics parallel or similar to those of strains in peat inoculants prepared in the normal procedure whereby undiluted cultures and presterilized peat are used.
The use of water as a suitable diluent without detrimental effects, as evidenced in all the experiments described in this work, has two interesting implications.
First, water brings out the intrinsic attributes of peat, indicating that the peat samples used for inoculant production are naturally self sufficient in the nutrients required for multiplication and long-term survival of Rhizobium spp. in the inoculants. However, the carry-over of unmetabolized YM nutrients may not be ignored during initial stages of multiplication, but long-term influence of nutrient carry-over is probably negligible. The exact mechanisms of nutrient extraction by the rhizobia from the peat during growth and survival (especially during long-term storage) have not been established, despite Widespread speculations about nutrient release from the peat during sterilization. The chemical nature, array, and concentration of the constituent nutrients and the influence of sterilization on their release and availability for growth and survival of Rhizobium spp. warrants further research. It is conceivable that the peat environment is more complex than is reflected by its basic chemical composition (6) . It was shown that undiluted and 1,000-folddiluted fully grown cultures of R. phaseoli TAL 182 and R.
japonicum TAL 102 showed no differences in the survival or shelf life of the inoculants in irradiated peat (16) .
Second, the suitability of water as the diluent may have (Tables 4 and 6 ). The slight differences in quality between inoculants produced with autoclaved and irradiated peat, although statistically significant, should have no practical drawbacks, as these inoculants had 109 rhizobia per g at manufacture and 108 rhizobia per g after 6 months of storage, thus meeting quality requirements set for sterilized peat (13) . This slightly lower quality in inoculants produced with diluted cultures is not related to the dilution process, as the difference has been shown to occur with autoclaved peat and undiluted cultures (14) . Inoculants produced with water-diluted cultures and presterilized peat (autoclaved or irradiated) did not suffer from any lack of effectiveness of the rhizobia or indicate the restriction of the method to any one peat or Rhizobium strain (Table 9 ). Three R. japonicum strains and two slow-growing cowpea-type Rhizobium strains were found to remain viable and able to rapidly nodulate their respective hosts after being stored in purified water at ambient temperature for a period of at least 1 year (5) .
Differences in multiplication and survival in autoclaved peat (Table 2) were noted between R. japonicum TAL 102 and R. phaseoli TAL 182. Maximum populations of R. japonicum TAL 102 were not attained until 2 weeks longer than those of R. phaseoli TAL 182. A similiar lag phase in the multiplication was shown by Rhizobium sp. strain TAL 169 (Table 3) . Such lag phases in multiplication in autoclaved peat may be considered undesirable traits for potential inoculant strains from the viewpoint of inoculant readiness for distribution and incompatibility with autoclaved peat. The reasons for the slower multiplication in autoclaved peat by some rhizobia have not been established. These examples of sensitivity of rhizobia to multiplication in autoclaved peat may not be widespread, as high-quality inoculants of several Rhizobium spp. were produced with autoclaved peat (19, 21) .
Viability of the rhizobia during storage at 28 or 4°C after maturation gave mixed results, indicating that there was a strain preference for storage temperatures. Long-term storage at 28°C usually results in a decline in the population, and this was observed with all Rhizobium spp. in the peat samples from the various countries. The decline in population at 28°C was not related to use of diluted cultures, as similar observations were made on rhizobia in peat inoculants prepared with irradiated peat and undiluted cultures (17) . With peat after maturation at 28 to 30°C, lowtemperature (4°C) storage is generally more favorable for survival than storage at higher temperatures, including those at which growth would normally occur, e.g., 26°C (20) .
Also, Thompson (20) The experiment on the compatibility of the dilution approach for inoculant production with various peats and strains indicated significant survival differences among Rhizobium strains which could be related to the peat, method of sterilization of the peat, and various interactions (Table 5) .
Strain survival differences with various peats has been well established (14) . Marked Rhizobium-carrier interactions were demonstrated with R. meliloti, R. japonicum, and a cowpea Rhizobium sp. (18) . Sterilization of peat by autoclaving was inferior to gamma irradiation with three Rhizobium spp. (14) . Strains of R. japonicum and R. meliloti had significantly higher population in peat presterilized by gamma irradiation at 50 than at 25 kGr (19) .
These data clearly demonstrate that the survival of Rhizobium spp. in peat is influenced by various factors which are common in inoculant production. As long as strain differences and interactions do not severely limit multiplication and survival, leading to low-quality inoculants, any new method of inoculant production should be considered feasible. Such a method is described in this investigation.
The general inference of the tray method (Table 7 ) of inoculant production was that rhizobia in a water-diluted culture (e.g., 106 to 107 cells ml-1) were able to multiply to high populations in autoclaved peat in the presence of low numbers of aerial microorganisms introduced at the time of mixing with the peat. Once the high populations were attained, these populations survived like rhizobia in inoculants produced by the normal procedure. The critical factors thay may have influenced initial multiplication of Rhizobium spp. were probably the brief period of peat sterility, low numbers of introduced aerial microorganisms relative to the high numbers of Rhizobium spp. present in the diluted culture, the use of sanitized polyethylene gloves during mixing, and the immediate packaging of the inoculants. Posttreatment contaminants in gamma-irradiated peat can occasionally reach levels of 107 per g, and even at this level the survival of rhizobia is not seriously affected (10) . Survival of R. japonicum WB1 in irradiated peat was high (log 9.254 per g of inoculant) after 6 months of storage at 27°C in the presence of contaminants (19) . High-quality inoculants can be produced with partially sterilized peat (4) . Keeping contamination to the lowest possible levels is the best option for producing good-quality inoculants by the tray method, and this is emphasized as a important prerequisite. Specially constructed mixing cabinets which can be easily fumigated or sterilized may be better than the regular laboratory environment for the tray method of inoculant production.
The close relationship (as measured by the correlation coefficient, r) of the plate count data suggested that recognition of Rhizobium colonies in the presence of contaminants produced by the tray method, even though inclusion of contaminants in the counts could not be entirely eliminated. The lower r values for the tray method in comparison with that for the aseptic method indicated that the enumeration may have been subject to errors introduced by inclusion of contaminants. The lack of correlation between the standard MPN (plant infection) counts as described by Vincent (23) gave significantly lower estimates of Rhizobium numbers in soil (3) , and a modification of the standard MPN produced higher and more definitive population estimates (1). However, despite its inaccuracy, the standard MPN method was useful in estimating the Rhizobium pqpulation relative to other methods used in the validation of the tray method for inoculant production in this investigation. The MFIF technique used in this investigation gave comparable results in relation to the other techniques, but it must be developed further for its application in inoculant quality control. ACKNOWLEDGMENTS This work was supported by the U.S. Agency for International Development, contract no. ta-C-1207 (NifTAL Project, University of Hawaii).
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